A particle-core Hamiltonian is used to describe the lowest parity partner bands K π = 1/2 ± in 237 U and 239 Pu. The quadrupole and octupole boson Hamiltonian associated to the core is identical to the one previously used for the description of four positive and four negative parity bands in the neighboring even-even isotopes. The single particle space for the odd nucleon consists of three spherical shell model states, two of positive and one of negative parity. The particle-core Hamiltonian consists of four terms: a quadrupole-quadrupole, an octupole-octupole, a spin-spin and a rotationalÎ 2 interaction, withÎ denoting the total angular momentum. The parameters involved in the particle-core coupling Hamiltonian were fixed by fitting four particular energies in the two bands. The calculated excitation energies are compared with the corresponding experimental data as well as with those obtained with other approaches. Also, we searched for some signatures for a static octupole deformation in the considered odd isotopes.
The aim of this paper is to extend CSM for the evenodd nuclei which exhibit both quadrupole and octupole deformation. Thus, we consider a particle-core Hamiltonian:
where H sp is a spherical shell model Hamiltonian associated to the odd nucleon, while H core is a phenomenological Hamiltonian which describes the collective motion of the core in terms of quadrupole and octupole bosons. This term is identical to that used in Ref. [7] to describe eight rotational bands in even-even nuclei. The two subsystems interact with each other by H pc , which has the following expression:
b † λµ denotes the components of the λ-pole (with λ=2,3) boson operator. The term j J is similar to the spin-orbit interaction from the shell model and expresses the interaction between the angular momenta of the odd-particle and the core. The last term is due to the rotational motion of the whole system, I denoting the total angular momentum of the particle-core system. The core states are described by eight sets of mutually orthogonal functions, obtained by projecting out the angular momentum and the parity from four quadrupole and octupole deformed functions: one is a product of two coherent states:
while the remaining three are polynomial boson excitations of Ψ g . The parameters d and f are real numbers and simulate the quadrupole and octupole deformations, respectively. The vacuum state for the k-pole boson, k = 2, 3, is denoted by |0 k .
The particle-core interaction generates a deformation for the single particle trajectories. Indeed, averaging the model Hamiltonian with Ψ g , one obtains a deformed single particle Hamiltonian, H mf which plays the role of the mean field for the particle motion:
where C is a constant determined by the average of H core . The Hamiltonian H mf represents an extension of the Nilsson Hamiltonian by adding the octupole deformation term. In Ref. [8] we have shown that in order to get the right deformation dependence of the single particle energies H mf must be amended with a monopole-monopole interaction, M ω 2 r 2 α 00 Y 00 , where the monopole coordinate α 00 is determined from the volume conservation restriction. This term has a constant contribution within a band. The constant value is, however, band dependent.
In order to find the eigenvalues of the model Hamiltonian we follow several steps: 1) In principle the single particle basis could be determined by diagonalizing H mf amended with the monopole interaction. The product basis for particle and core may be further used to find the eigenvalues of H. Due to some technical difficulties in restoring the rotation and space reversal symmetries for the composite system wave function, this procedure is however tedious and therefore we prefer a simpler method. Thus, the single particle space consists of three spherical shell model states with angular momenta j 1 , j 2 , j 3 . We suppose that j 1 and j 2 have the parity π = +, while j 3 has a negative parity π = −. Due to the quadrupole-quadrupole interaction the odd particle from the state j 1 can be promoted to j 2 and vice-versa. The octupole-octupole interaction connects the states j 1 and j 2 with j 3 . Due to the above mentioned effects the spherical and space reversal symmetries of the single particle motion are broken. Thus, instead of dealing with a spherical shell model state coupled to a deformed core without reflection symmetry, as the traditional particle-core approaches proceed, here the single particle orbits are lacking the spherical and space reversal symmetries and by this, their symmetry properties are consistent with those of the phenomenological core.
2) We remark that Ψ g is a sum of two states of different parities. This happens due to the specific structure of the octupole coherent state:
The states of a given angular momentum and positive parity can be obtained through projection from the intrinsic states:
The projected states of negative parity are obtained from the states:
The angular momentum and parity projected states are denoted by:
For the quantum number K we consider the lowest three values, i.e. K = 1/2, 3/2, 5/2. Note that the earlier particle-core approaches [9, 10] restrict the single particle space to a single j, which results in eliminating the contribution of the octupole-octupole interaction.
3) Note that for a given j i , the projected states with different K are not orthogonal. Indeed, the overlap matrices :
are not diagonal. By diagonalization, one obtains the eigenvalues a (±) p (j l ) and the corresponding eigenvectors V (±) K (j l , p), with K = 1/2, 3/2, 5/2 and p = 1, 2, 3. Then, the functions:
are mutually orthogonal. The norms are given by:
For each of the new states, there is a term in the defining sum (10), which has a maximal weight. The corresponding quantum number K is conventionally assigned to the mixed state. 4) In order to simulate the core deformation effect on the single particle motion, in some cases the projected states corresponding to different j must be mixed up.
The amplitudes A The energies of the odd system are approximated by the average values of the model Hamiltonian corresponding to the projected states:
The matrix elements involved in the above equations can be analytically calculated. They have been used to calculate the excitation energies for one positive and one negative parity bands in two odd isotopes:
237 U si 239 Pu. The parameters defining H core , as well as the deformation parameters d and f are those used to describe the properties of eight rotational bands in the eveneven neighboring isotopes. The single particle states are spherical shell model states with the appropriate parameters for the (N, Z) region of the considered isotopes [11] . Our calculations correspond to the single particle states: (j 1 , j 2 , j 3 ) = (2g 7/2 , 2g 9/2 , 1h 9/2 ). In the expansion (12) a small admixture of the states (j 1 ; j 3 ) and (j 2 ; j 3 ) was considered: |A The mixing amplitude of the third state is negligible. Energies (13) depend on the interaction strengths X 2 , X 3 , X jJ and X I 2 . These were determined by fitting four particular energies in the two bands of different parities. The results of the fitting procedure are given in Table I . Inserting these in Eqs.13 the energies in the two bands are readily obtained. The theoretical results for excitation energies, listed in Table II Further we addressed the question whether one could identify signatures for static octupole deformation in the two bands. To this goal we plotted the energy displacement functions [3, 4, 12] :
237 U 239 Pu The first function, δE vanishes when the excitation energies of the parity partner bands depend linearly on I(I + 1) and, moreover, the moments of inertia of the two bands are equal. Thus, the vanishing value of δE is considered to be a signature for octupole deformation. If the excitation energies depend quadratically on I(I + 1) and the coefficients of the [I(I +1)] 2 terms for the positive and negative parity bands are equal, the second energy displacement function ∆E 1,γ vanishes, which again suggests that a static octupole deformation shows up. The parities associated to the angular momenta, involved in ∆E 1,γ are as follows: the levels I and I ± 2 have the same parity, while levels I and I ± 1 are of opposite parities. The results plotted in Figs. 1,2 suggest that a static octupole deformation is possible for the states with angular momenta I ≥ Exp.
FIG. 1:
The energy displacement functions characterizing the isotope 239 P u, are plotted as a function of angular momentum. Experimental data are taken from Ref. [13] . In the lower panel, the symbols labeled by I correspond to the the of states which includes 1/2 + as the lowest (I − 2) state in Eq. (14) . When the lowest state (I − 2) in (14) is the state 1/2 − , the associated symbols to the results and data bear the label II.
bands.
The spectra of the odd isotopes, considered here, have been previously studied in Refs. [14, 15, 16 ] using a quadrupole-octupole Hamiltonian in the intrinsic deformation variables β 2 and β 3 separated in a kinetic energy, a potential energy term and a Coriolis interaction. Due the specific structure of the model Hamiltonian, an analytical solution for the excitation energies in the two bands of opposite parities was possible. The agreement obtained in our approach for 239 Pu is better than that shown in Ref. [16] . However, the results from Ref. [16] for 237 U agree better, with the corresponding data, than ours. Indeed, the r.m.s. values for the deviations of theoretical results, reported in Ref. [16] from experimental data are 30 keV and 60 keV for 237 U and 239 Pu, which are to be compared with 48.9 and 31.8 keV respectively, obtained with our approach.
Before closing, we would like to add few remarks about the possible development of the present formalism. Choosing for the core unprojected states, the generating states for the parity partner bands with
states, otherwise keeping the same single particle basis for the odd nucleon, the present formalism can be extended to another six bands, three of positive and three of negative parity. Another noteworthy remark refers to the chiral symmetry [17] for the composite particle and core system. Indeed, in Ref. [7] we showed that starting from a certain total angular momentum of the core, the angular momenta carried by the quadrupole ( J 2 ) and octupole ( J 3 ) bosons respectively, are perpendicular on each other. Naturally, we may ask ourselves whether there exists a strength for the particle-core interaction such that the angular momentum of the odd particle becomes perpendicular to the plane ( J 2 , J 3 ). This would be a signature that the three component system exhibits a chiral symmetry. These issues are under work in our group and the results will be reported elsewhere.
As a final conclusion, one may say that the present CSM extension to odd nuclei can describe quite well the excitation energies in the parity partner bands with
± .
